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Insitute for Plasma and Atomic Physics, Ruhr-University Bochum, 44780 Bochum, Germany The electrical asymmetry effect (EAE) allows an almost ideal separate control of the mean ion energy, hE i i, and flux, C i , at the electrodes in capacitive radio frequency discharges with identical electrode areas driven at two consecutive harmonics with adjustable phase shift, h. In such geometrically symmetric discharges, a DC self bias is generated as a function of h. Consequently, hE i i can be controlled separately from C i by adjusting the phase shift. Here, we systematically study the EAE in low pressure dual-frequency discharges with different electrode areas operated in argon at 13.56 MHz and 27.12 MHz by experiments, kinetic simulations, and analytical modeling. We find that the functional dependence of the DC self bias on h is similar, but its absolute value is strongly affected by the electrode area ratio. Consequently, the ion energy distributions change and hE i i can be controlled by adjusting h, but its control range is different at both electrodes and determined by the area ratio. Under distinct conditions, the geometric asymmetry can be compensated electrically. In contrast to geometrically symmetric discharges, we find the ratio of the maximum sheath voltages to remain constant as a function of h at low pressures and C i to depend on h at the smaller electrode. These observations are understood by the model. Finally, we study the self-excitation of non-linear plasma series resonance oscillations and its effect on the electron heating. The unique physical properties of capacitively coupled radio frequency (CCRF) discharges make them indispensable for many applications. For example, the etching of nanometer sized structures in the production of electronic devices is only possible using CCRF plasmas or hybrid combinations with other types, e.g., capacitive-inductive discharges. 1, 2 In order to achieve adequate ion energies at the wafer surface, geometrically asymmetric discharges are often used. This asymmetry leads to the generation of a DC self bias, g, and a higher mean sheath voltage at the smaller powered electrode compared to the larger grounded chamber wall. Thus, the energy of ions hitting the powered electrode, where the substrate is placed on, is greatly enhanced.
For many applications, the separate control of the mean ion energy and flux is highly desired at the surfaces to be processed. The ion energy mainly determines the type of interaction between plasma and surface, while the ion flux controls the throughput of the process. The common approach to realize this separate control in CCRF discharges is driving one electrode with two substantially different frequencies (e.g., 2 MHz þ 27 MHz). [3] [4] [5] [6] [7] [8] The high frequency component is supposed to determine the bulk electron density, which in turn determines the ion flux. 5, 6, 8 The low frequency component should control the mean ion energy by determining the time averaged sheath voltages. 5, 6, 8 However, this concept achieves separate control only within narrow process windows of discharge operating conditions and is strongly limited by the frequency coupling 4, 8, 9 and the effect of secondary electrons. 10, 11 The electrical asymmetry effect (EAE) [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] is a novel approach to realize seperate control of the mean ion energy and flux. A voltage waveform / $ ðtÞ with maximum/ max and minimum/ min 6 ¼ À/ max is applied to one electrode. Consequently, a DC self bias is generated even in a geometrically symmetric discharge. [12] [13] [14] [15] [16] [17] The easiest way to create a voltage waveform / $ ðtÞ with controllable symmetry is the combination of a fundamental frequency and its second harmonic, e.g., 13 .56 MHz þ 27.12 MHz, with a fixed, but adjustable phase angle, h, between the harmonics. Tuning h changes the symmetry of the applied voltage waveform, i.e., the differences between/ max and/ min , which in turn changes the symmetry of the discharge. Therefore, the DC self bias, the mean sheath voltages, and, consequently, the mean ion energies at both electrodes can be controlled by h. It has been shown by experimental studies as well as particle in cell (PIC) and hybrid fluid dynamic/Monte Carlo simulations that the mean ion energy can be changed by a factor of about two in a geometrically symmetric CCRF discharge at both electrodes by tuning h, while the ion flux remains almost constant. 13, 14 It has been found that the reason for the independence of the ion flux on h is the unchanged amplitude of the applied voltage, leading to an almost constant power absorbed by electrons and ions within the discharge. 19 Furthermore, the electrical asymmetry can be enhanced by choosing non equal relative voltage amplitudes 16 harmonics. 18 First simulation results have shown that the effect principally works in discharges with unequal surface areas of the powered and grounded surfaces, even though some deviations from the geometrically symmetric case have been found. 20 Here, the EAE is investigated experimentally in geometrically asymmetric CCRF discharges for the first time. In order to prove the applicability of the effect to asymmetric chamber configurations typically used in both research and applications, we perform a systematic study of electrically asymmetric dual frequency discharges under different welldefined symmetry conditions in a modified Gaseous Electronis Conference (GEC) reference cell. The results are compared to 2d particle-in-cell/Monte-Carlo collisions (PIC/ MCC) simulations, which have been performed on a graphics processing unit (GPU). In addition, an analytical model is used to understand the underlying physical mechanisms. This paper is structured in the following way: Sec. II introduces the analytical model. The experimental setup and the 2d PIC/MCC simulation are described in Sec. III. The results are shown in Sec. IV. There, the control of the DC self-bias and discharge symmetry, the opportunity to tune the mean ion energy without affecting the ion flux, and the self-excitation of the plasma series resonance (PSR) are discussed in detail. Finally, conclusions are drawn in Sec. V.
II. ANALYTICAL MODEL
The analytical model has been described in detail in previous works. 12, 21 It is applicable to many types of capacitive plasmas and is not restricted to electrically asymmetric discharges. The voltage at the powered electrode is a combination of the applied voltage, / $ ðtÞ, and the DC self bias, g. Neglecting the bulk voltage, this has to be balanced by the voltage that drops across the sheaths adjacent to the powered ð/ sp Þ and grounded ð/ sg Þ electrode
Under all conditions investigated here, the rf floating potential of the sheaths can be neglected in the model calculation of the DC self bias. This might be problematic in strongly asymmetric discharges under certain discharge conditions; in our case, however, the error is less than 10% as it was checked by the simulation results. A quadratic charge voltage relation for each of the sheaths 24 and a temporally constant positive net charge Q t within the discharge 17 are assumed. Then, the normalized charge voltage balance is / $ ðtÞ þ g ¼ Àq 2 ðtÞ þ eðq t À qðtÞÞ 2 :
The voltages on the left side are normalized by the applied voltage amplitude / 0 . q(t) and q t are the charge in the powered electrode sheath and the total charge within the discharge volume normalized by the maximum charge in the powered sheath, respectively. 21 e is the symmetry parameter, 12, 21 which is defined as the absolute value of the ratio of the maximum sheath voltages
It is proportional to the squared ratio of the surface area of the powered electrode (A p ) and the grounded surfaces (A g ) as well as the ratio of the spatially averaged ion densities n sp and n sg in the sheaths adjacent to these electrodes. Furthermore, e depends on the squared ratio of the maximum charges in the sheaths, Q mg and Q mp , as well as the ratio of the sheath integrals
Here, p s ðnÞ ¼ n i ðzÞ= n s and n ¼ z=s max 12 with s max being the maximum sheath thickness. By analyzing Eq. (2) at the times within the low frequency period, when the applied voltage, / $ ðtÞ, reaches its maximum,/ max , and miminum,/ min , respectively, an analytical expression for the DC self bias (and similarly also for q t ) is found
The concept of the EAE is based on using a voltage waveform with/ max 6 ¼ j/ min j. This asymmetry leads to the generation of a DC self bias, g, even in geometrically symmetric discharges. Such an asymmetric voltage waveform is realized by applying a fundamental frequency and its second harmonic to the powered electrode
Here, x rf ¼ 2pf with f being the fundamental frequency. The symmetry of the voltage / $ ðtÞ can be changed by tuning the phase angle h between the two frequencies. According to the control of g as a function of h, the mean sheath voltages can be adjusted and, hence the mean energies of ions hitting the electrode surfaces, while the amplitude of the applied voltage is not changed. Consequently, the power absorbed by the electrons does not change significantly, 19 resulting in a constant ion flux. However, the self-excitation of plasma series resonance oscillations and, thus, nonlinear electron resonance heating (NERH) [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] is not included in the analytical treatment. This additional electron heating mechanism, which is important in strongly asymmetric discharges operated at low pressures, [24] [25] [26] [27] [28] [29] [30] can be modeled by numerically solving the voltage balance including the bulk term 21, 26 
where 21 Here, a dot represents differentiation with respect to u¼x rf t.
We note that the assumption of a negligible voltage drop across the plasma bulk, which has been used to derive an analytical expression for the DC self bias, g, (Eq. (5)), holds only if jb 2 € q max j ( 1, where € q max is the maximum of € q around the time of minimum charge. This condition is fulfilled under all conditions investigated in this work.
III. EXPERIMENT AND SIMULATION

A. Experimental setup
We investigate the EAE experimentally in a geometrically asymmetric discharge shown schematically in Figure 1 . Two synchronized function generators are used to generate a voltage waveform according to Eq. (6). Both frequencies are matched individually. Electrical filters prevent the reflection of the lf (hf) part of the applied voltage towards the hf (lf) amplifier. The applied voltage is measured time resolved by a high voltage probe. The voltage amplitude of each frequency and the phase angle is determined by this measurement after a calibration procedure described in a previous paper.
14 The time averaged value of the measured voltage yields the DC self bias.
An argon plasma is ignited between two parallel electrodes with a radius of 5 cm. The bottom electrode is powered. The grounded surface consists of the top electrode and a metal mesh with 5.5 cm radius that confines the plasma radially. The gap between the metal mesh and the side of the electrodes is filled with insulating rings. The geometrical asymmetry of the discharge is varied by changing the electrode gap, d, i.e., by varying the surface area of the grounded metal mesh imposed to the plasma. This is done by changing the vertical position of the top electrode. In this work, we use electrode gaps of 2 cm, 3 cm, and 4 cm, corresponding to area ratios A p =A g of 0.53, 0.43, and 0.36, respectively. The pressure is kept at 4 Pa and a voltage amplitude of / 0 ¼ 150 V is used.
In order to perform energy resolved measurements of the argon ion flux towards the electrodes, an Impedans SEMION retarding field energy analyzer (RFEA) 34 is used. The device can be implemented into either the powered (as shown in Figure 1 ) or the grounded electrode. An artificial peak at low energies of a few eV is removed from the measured data affecting the measured ion flux and mean energy by less than 4%.
Moreover, a fraction of the RF current flowing to the grounded electrode is measured by a SEERS (self excited electron resonance spectroscopy) sensor. 25, 30 Based on the time resolved data, we investigate the self-excitation of plasma series resonance oscillations.
B. 2D PIC/MCC simulation
The PIC/MCC code used to carry out the simulations in this study self-consistently traces superparticles in 2D (r, z) configuration space and 3D (v r ; v / ; v z ) velocity space along with the electrostatic 35 field employing the D1 implicit algorithm. 36 The simulated discharge geometry resembles the experimental setup and is shown in Figure 2 . Again, the electrode radius is kept constant and the area ratio is changed by varying the electrode gap. The area ratios of 0.48, 0.40, and 0.34 at 2 cm, 3 cm, and 4 cm electrode gap, respectively, are comparable to the experimental settings.
To minimize the amount of artificial numerical heating at the axis of the cylindrical discharge, we use a field grid uniform in r 2 . This results in roughly the same number of superparticles per grid cell in case of a uniform density, which improves statistical properties of the macroparticle sampling in the configuration space close to the axis. Although the radial grid cell size can be larger than the Debye length in the vicinity of the axis using this approach, the use of the implicit scheme significantly mitigates the numerical heating, which might take place there.
The treatment of collision processes is based on a modified null-collision scheme 37 electrons do not cause significant ionization and can be neglected. To accelerate the algorithm, all parts of the PIC/ MCC code except the field solver are massively parallelized on a GPU, yielding a speed-up of the order of 10 1 to 10 2 (depending on particular central processing unit (CPU) and GPU models) compared to conventional CPUs. The bias is determined from the DC component of the voltage drop across the external capacitor (see Fig. 2 ). This drop in turn is determined from the simultaneous solution of the Poisson equation for the plasma electric field and the Kirchhoff laws for the entire circuit including the external network. The external network is coupled to Poisson's equation through the surface charge at the electrodes. 40 Since the sheath region in the two-dimensional geometry with the grounded chamber wall can have a complicated form, the following procedure is used to calculate the charge and volume averaged ion density inside the sheath as well as the sheath width. Let us illustrate our approach based on the example of the grounded sheath. Assuming the ions move under the influence of the lf period averaged electrostatic field, we adopt the coordinate system aligned with the electric field lines. Thus, we discretize the grounded sheath region in the following way: Beginning at a starting position i (these starting points are uniformly distributed at the grounded electrode and the chamber wall), we proceed to integrate the electric field line equation
which is obtained from the radial and axial components
Here, E ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
is the time averaged electrostatic field with its radial component E r and its axial component E z , respectively, and l is the coordinate along the field line. This procedure is performed until one runs into the quasineutral plasma at l ¼ s qn , where n e ðs qn Þ ¼ n i ðs qn Þ. Then, we find the sheath edge, s(t), according to Brinkmann's criterion,
This is where we terminate each field line going through the grounded sheath region. Now, by consecutively connecting the points lying at each two adjacent field lines to form non-intersecting triangles covering the area between the field lines, we ultimately triangulate the entire grounded sheath region with such triangular finite elements. Then, one can easily calculate the total volume V sg and charge Q sg of the grounded sheath using the corresponding formulae of the finite elements method (see, e.g., Ref. 42) . Finally, for the surface averaged sheath width and volume averaged ion density in the sheath, we use the following estimates, s g ¼ V sg =A g , where A g is the total area of the grounded electrode combined with the grounded chamber wall, and n sg ¼ Q sg =ðeV sg Þ with e the electron charge. The same procedure can be applied to the powered sheath region in a straightforward manner.
IV. RESULTS
A. DC self bias and discharge asymmetry
The generation of a DC self bias, g, is a characteristic feature of asymmetric discharges regardless whether this asymmetry is induced geometrically, 1, 8, [43] [44] [45] [46] [47] electrically, [12] [13] [14] 16, 18, 21 or both. 20 In this work, the EAE is investigated in a geometrically asymmetric discharge with A p < A g . Therefore, the symmetry parameter (Eq. (3)) is expected to be in the range 0 < e < 1. The functional dependence of g on h is strongly affected by the functional dependence of e on h. Figure 3 shows the normalized DC self bias, g, according to the analytical model (Eq. (5)) using the voltage waveform specified by Eq. (6) for a variable symmetry parameter, e. Principally, three scenarios are possible, which are indicated by lines A-C in Figure 3 : (i) e is constant (line A), i.e., the sheath properties do not depend on the particular choice of h. This situation was found in geometrically symmetric argon discharges operated at relatively high pressures. 13, 16, 19 In this situation, the DC self bias can be controlled over a wide range of about 56% by changing h also in a geometrically asymmetric discharge. (ii) e increases as a function of h (line B). This scenario was observed in geometrically symmetric argon discharges operated at low pressures due to the difference in the mean ion densities in the two sheaths. 13 It causes a selfamplification of the EAE, i.e., it enlarges the control range of g. (iii) e decreases as a function of h (line C). This has been observed in electronegative oxygen discharges operated at relatively high pressures. 22 There, the mean ion density in each sheath is coupled to the size of the sheath, since it is mainly determined by the electron sheath heating resulting in ionization around the respective sheath edge. In this scenario, the control range of g is reduced.
If e ! 0, Eq. (5) yields g ! À/ max ðhÞ and the size of the control interval of g with h is the same compared to e ¼ 1 (geometrically symmetric discharge); the same size of the control interval is found in the other extreme case gðe ! 1Þ ¼ À/ min ðhÞ. Therefore, the EAE allows to FIG. 3 . Normalized DC self bias, g, as a function of the phase angle, h, for a variable symmetry parameter, e, resulting from the model (Eq. (5)). The colour scale corresponds to g in percentage of the amplitude of the applied voltage / $ ðtÞ. The lines at the bottom show the dependence of the DC self bias control range on the variation of eðhÞ (A: constant e, B: increasing e, and C: decreasing e). 2012) control the DC self bias in all chamber geometries. However, the control range of g is affected by the geometrical configuration. These model predictions might, however, no longer be valid in strongly asymmetric discharge scenarios due to the negligence of the rf floating potential at the larger electrode.
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It should be noted that in most of the studies of geometrically asymmetric CCRF discharges, the discharge asymmetry is characterized by the ratio of the mean sheath voltages at the powered and grounded surfaces. This can be transferred to the inverse ratio of the areas of the powered and grounded surfaces to the power of a coefficient a by integrating the ion density profiles within these sheaths 1, 44 
This characterization of the discharge asymmetry by a normalized parameter might resemble the role of e (Eq. (3)) in our model. As it has been investigated by many authors (see, e.g., Refs. 8, 43-47 and references therein), the disadvantage is that the coefficient a strongly depends on discharge conditions such as pressure 45 and has to be determined empirically. For example, assuming a homogeneous and equal density in both sheaths leads to a ¼ 2:5 and Child's law yields a ¼ 4, 43, 46 while in a classical dual frequency discharge a % 1 is found. 8 Of course, the parameter e also shows a certain dependence on the discharge conditions, as it has been discussed in previous works. 13, 16, 19, 22 However, our approach might provide a more direct access to the discharge symmetry and allows meaningful explanations for the causes leading to changes of e, since it depends only on the known electrode areas, the sheath integrals I sg =I sp % 1 (in the 1 d model 12 ), and n sp = n sg . Figure 4 shows the DC self bias normalized to the amplitude of the applied voltage, g, as a function of the phase angle h obtained from experiment, simulations, and model in an argon discharge at 4 Pa and / 0 ¼ 150 V for different electrode gaps. In Figure 4(a) , the solid lines represent fits of Eq. (5) to the experimental data assuming a constant e for all phase angles and using analytical approximations for the maximum and minimum of the applied voltage waveform / $ ðtÞ. 19 The solid lines in Figure 4 (b) show the phase angle resolved outcome of the model (Eq. (5)) using the symmetry parameter from the PIC/MCC simulations as input parameter. In general, very good agreement between experiment, simulation, and model is found. Similar to the results obtained in a geometrically symmetric discharge, [12] [13] [14] 20 it is possible to make a geometrically asymmetric discharge electrically symmetric via the EAE, i.e., the DC self bias almost vanishes ( g % 0) at d ¼ 3 cm and h ¼ 90
. On the other hand, at h ¼ 0 , the geometrical and the electrical asymmetry work in the same direction, thus enhancing the DC self bias. In the simulations, the electrode gap of 2 cm is at the lower limit of stable discharge operation at this relatively low pressure, 48, 49 leading to small deviations from the smooth curve obtained experimentally. Therefore, a dotted line with a constant e is additionally drawn to serve as a guide to the eye.
To study the discharge asymmetry in more detail, we evaluate the symmetry parameter e. The geometrical asymmetry affects e in the analytical model according to Eq. (3). Figure 5 shows the symmetry parameter e as a function of h for different electrode gaps resulting from experiment and simulation. In Figure 5 
Here, all quantities depend on the phase angle h, which is also known from the voltage measurements. The solid lines show the value obtained from the fits of the model curves shown in Figure 4 (a) assuming a constant e for all phase angles. According to the good agreement found in Figure 4 (a), only small deviations between the assumption e ¼ const: and the phase angle resolved results are observed. This means that the self-amplification of the EAE present in geometrically symmetric discharges at low pressures is greatly reduced. 12, 13, 16, 18, 19 This is an important fundamental difference between both chamber geometries. Another conclusion drawn from the results shown in Figure 5 is that the symmetry parameter is bigger than the ratio ðA p =A g Þ 2 (see Eq. (3)). From the electrode radius and gap, this ratio is easily calculated to be 0.28 (0.23), 0.19 (0.16), and 0.13 (0.11) in the case of d ¼ 2 cm, 3 cm, and 4 cm in the experiment (simulation), respectively. The reason for this can be found by analyzing all individual ratios contributing to the symmetry parameter in Eq. (3). Figure 6 shows e and its individual components as a function of the phase angle. Here, the case d ¼ 4 cm is taken as an example. All values are taken at the times of maximum and minimum applied voltage. It should be noted that the analytical model has originally been developed to describe one dimensional capacitive discharges with one well defined current path. The application of the model to this more complex 2 d scenario requires spatial averaging. This simplified analysis, however, still allows a meaningful discussion and understanding of basic physical mechanisms.
The spatially averaged ion density in the powered electrode sheath is about two times higher than the one at the grounded side. This can be attributed to the much higher current density at the powered side due to the constriction of the current paths. The ratio of the mean ion densities in both sheaths increases as a function of h. This dependence is known from the self-amplification of the EAE in geometrically symmetric discharges operated at low pressures. 13 It is caused by the change in the mean sheath voltages due to the existence of the DC self bias. This tendency of n sp = n sg is compensated by the ratio of the sheath integrals. As will be seen later (see Fig. 8 ), the difference in the sheath widths due to the discharge asymmetry leads to more collisions between ions and neutrals in the thicker powered electrode sheath compared to the thinner sheath in front of the grounded surfaces. Therefore, the spatially resolved ion density distribution is flatter at the powered side. As it becomes clear from Eq. (4), this leads to a smaller value of I s . For instance, I s equals unity in case of a spatially constant ion density corresponding to the assumption of a matrix sheath and I sp > 1 if the ion density increases monotonically towards the quasineutral plasma bulk. 12 With increasing h, the discharge becomes less asymmetric and the difference in the sheath widths is reduced. Thus, also the difference in the collisionality is reduced and the ratio I sg =I sp decreases. Here, we analyze I s for one distinct current path as an example. Due to the normalization by the spatially averaged sheath width and ion density, a value of I s > 2 is possible in contrast to one-dimensional cases (1 I s 2). 12 The maximum charge in the sheath in front of the grounded surface, Q mg , is slightly bigger than the one in the powered electrode sheath, Q mp . This is caused by temporal fluctuations of the net uncompensated total charge within the discharge volume, Q t , which are dominated by the fluxes of electrons and ions towards the powered electrode. Thus, the temporal evolution of Q t is in phase with Q mp . The slightly higher value of Q 2 mg =Q 2 mp at h ¼ 0 results from the fact that the grounded electrode sheath collapses twice in this case due to the two minima of the applied voltage waveform. Thus, the floating potential and minimum charge are enlarged and, correspondingly, the maximum charge in the opposing sheath, i.e., Q mp , is reduced. At h ¼ 90 , the powered electrode sheath collapses twice and Q mg is reduced for the same reason, leading to a slightly smaller value of Q 2 mg =Q 2 mp . 17 For the mean ion energies at the surfaces, the time averaged sheath voltages are most important. In order to study the basics of the control of the mean ion energies, we, therefore, show the absolute value of the mean sheath voltages depending on the DC self bias in Figure 7 . The experimental result is estimated from the maximum energy of ions hitting the surfaces (see Figure 8) . The solid lines represent linear fits to the data points. The extrapolation to g ¼ 0 yields a mean sheath voltage of around 30% of the applied voltage amplitude. A similar dependence has been found in geometrically symmetric discharges. 19 However, the absolute value of the slope of jh / sp ijð gÞ is significantly higher than the one of h / sg ið gÞ. This is caused by the geometrical discharge asymmetry. In the intermediate range of geometric discharge asymmetry investigated here, the slope is about 0.19 for the sheath at ground and 0.81 for the sheath adjacent to the powered electrode. Both values differ from a slope of 0.5 found for both sheaths in geometrically symmetric discharges. 19 This result means that a much bigger change of h / sp i than h / sg i is caused by a given change of the DC self bias g ¼ h / sp i þ h / sg i via tuning the phase angle h.
B. Control of ion properties
In order to study the shape of the ion flux energy distributions at the electrodes, we focus again on the example case of d ¼ 4 cm. The measured distributions at both electrodes are shown in Figure 8 . The overall shape of the distribution functions consists of a peak at high ion energies corresponding to ions that arrive at the electrodes without undergoing any collisions within the sheath, and a broad distribution at lower energies caused by collisions within the sheath. 34, [50] [51] [52] [53] [54] [55] [56] [57] Due to the geometrical asymmetry, the time averaged sheath voltage and width are larger at the smaller powered electrode compared to the larger grounded electrode. Therefore, the absolute energy scales of the distribution functions strongly differ from each other. Moreover, the differences in the collisionality in both sheaths agree well with the arguments about the sheath integrals made before. Peaks of the ion flux at low energies caused by charge exchange collisions within the periodically oscillating sheath 5, 51 are partially resolved experimentally at the powered electrode. These peaks are hardly detected at the grounded electrode, since this smaller sheath is less collisional. Figure 9 shows the ion flux energy distribution function at the electrodes resulting from PIC/MCC simulations under the same discharge conditions as in the experiment. Reasonable agreement is found with the experimentally obtained 2012) data regarding both the shape of the distributions and the absolute energy scales. In the simulation, however, a much finer energy resolution is realized. Therefore, the peak structure caused by charge exchange collisions is resolved more accurately.
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From Figures 8 and 9 , it is evident that the mean ion energy can be changed at both the powered and the grounded surfaces by tuning the phase angle h: Increasing h from 0 to 90 reduces the ion energy at the powered electrode, whereas the ion energy at the grounded electrode increases. The basic quantity for the ion energy is the mean voltage drop across the sheath in front of the respective surface. As shown in Figure 7 , these voltages vary almost linearly as a function of the DC self bias g. 19 Since g strongly increases as a function of h, the ion energy can be controlled over a wide range in an electrically asymmetric discharge. Analyzing the maximum energy of ions arriving at the electrodes, we find that the change with h at the powered side is much bigger. Again, this is in agreement with the above discussion of the time averaged sheath voltages (see Figure 7) . Furthermore, the ratio of the maximum ion energies at both electrodes varies between about 4 at h ¼ 0 to approximately 1.7 at h ¼ 90 under the conditions investigated here. Figures 10 and 11 show the mean ion energy and the total ion flux towards the powered and grounded electrode resulting from the measured distributions. Similar to previous investigations of the EAE in geometrically symmetric discharges, [12] [13] [14] 18, 21 the mean ion energy can be varied by almost a factor of two by tuning h from 0 to 90 , while the ion flux decreases at the powered electrode and remains almost constant at the grounded side. In agreement with the DC self bias shown above (see Figure 4) , the electrical asymmetry of the discharge is enhanced by the EAE for small phase angles. This yields a ratio of the mean ion energies at the powered and grounded surfaces of about 2.1, 2.7, and 3.4 for h ¼ 0 and an electrode gap of 2, 3, and 4 cm, respectively, which is much higher than the ratio (1.3, 1.9, and 2.6) found in the electrically symmetric case, i.e., at h ¼ 45
. On the other hand, the mean ion energies are almost equalized at the powered and grounded surface in the case of medium geometrical asymmetry (d the discharge can also be made symmetric in terms of the bombardment of both surfaces with energetic ions. This result might allow to find better chamber cleaning conditions. 55 Hence, the ion bombardment could have a reasonable effect on the surface reactions and the processing times might be reduced. The simulation results are depicted for the example case of relatively strong chamber asymmetry (d ¼ 4 cm) in Figure 12 , again showing good agreement with the experimental findings.
Regarding the total ion flux, only a weak dependence on the phase angle is observed at the grounded side. At the powered electrode, the results show a decreasing ion flux when increasing h. This can be explained as follows: If the absolute value of the DC self-bias is reduced, i.e., if h is increased, the (thicker) maximum sheath width at the powered side is reduced, as well. Therefore, less highly energetic electrons are produced via sheath heating at the powered electrode. In the steady state, the plasma density and total ion fluxes are reduced when reducing the asymmetry. At the grounded electrode, the (smaller) sheath width is hardly affected and, therefore, the ion flux remains essentially constant on this side.
These tendencies can also be observed in the time averaged density of power absorbed by the plasma electrons, i.e.,
hj ÁẼi with the current densityj and the electric fieldẼ, resulting from PIC/MCC simulations ( Fig. 13) : The h ¼ 90 case is less asymmetric than the h ¼ 0 case, but the loss in the electron power absorption at the powered electrode sheath is not completely compensated by the gain at the grounded electrode sheath. Thus, less highly energetic electrons are generated at 90 compared to 0 and, consequently, less ionization due to collisions of beam electrons with the background gas occurs, as it is illustrated in Figure 14 . Here, the ionization rate within one rf period in the radial region R=3 < r < 2R=3 is shown. At h ¼ 0 , there is only one electron beam generated at the powered electrode sheath, whereas at h ¼ 90
, an electron beam due to the expansion of the grounded electrode sheath gives a (minor) contribution to the overall ionization within the discharge. Moreover, the beam electrons do not reach the opposing sheath, but they 
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Sch€ ungel et al. J. Appl. Phys. 112, 053302 (2012) distribute their energy via collisions over approximately half of the bulk length. This, in turn, leads to a rather homogeneous ion density in the bulk. Therefore, the discharge symmetry is not-or at least not directly-affected by the beam electrons, e.g., via changes in the ion sheath densities (see Eq. (3)). However, the plasma bulk density is reduced under less asymmetric discharge conditions. Therefore, the decrease in the ion flux at the powered electrode is bigger than the increase at the grounded side (Fig. 12) . A more detailed study of the electron heating mechanisms 1, 5, 7, 9, 15, 24, 27, [30] [31] [32] [56] [57] [58] [59] [60] in both geometrically and electrically asymmetric discharges is outside the scope of this work and remains a topic for future investigations.
C. Plasma series resonance and electron power absorption Figures 15(a)-15(c) show the temporally resolved discharge current obtained from the experiment, PIC/MCC simulations, and the analytical model using the input values estimated from the PIC/MCC simulation results (see Table I ). The electron neutral elastic collision frequency is estimated to be m % 1:6 Á 10 8 s À1 at the neutral gas pressure of 4 Pa in argon, which yields a damping coefficient of j % 1:88. The surface area A p and the effective area A b are assumed to be equal. The example case d ¼ 4 cm is compared to the much less asymmetric case d ¼ 2 cm for the phase angles h ¼ 0 and h ¼ 90 , respectively. The main difference between the two discharge configuration is the relatively strong selfexcitation of PSR 24, [26] [27] [28] [29] [30] oscillations in the more asymmetric case. According to Eq. (7), the contribution of the plasma bulk to the voltage balance is maximum around the time of minimum charge, i.e., maximum € qðtÞ, occurring if the powered electrode sheath is fully collapsed. Therefore, the high frequency oscillations in Figures 15(a) explained via the symmetry parameter in the analytical model. In the completely symmetric case of e ¼ 1, the nonlinearity of the two sheaths cancels (see Eq. (7)), and no selfexcitation of the resonance is found. If e 6 ¼ 1, a quadratic term remains on the right hand side of the voltage balance. However, PSR oscillations with reasonable amplitude are self-excited only for e < 0:5 (or e > 2). 15 This condition is only fulfilled in case of strong geometric asymmetries (see Fig. 5 ). As e does not change significantly as a function of the phase angle h, the amplitude of the PSR oscillations essentially does not depend on h.
The power dissipated to the plasma electrons is proportional to the square of the time resolved discharge current. If the normalized discharge current dq/dt is calculated analytically from Eq. (2), 19 the self-excitation of PSR oscillations is not taken into account. Therefore, the additional power dissipation due to NERH 26, 29, 32, 33 is not included. From the comparison shown in Figure 15(d) , it can be concluded that the total electron heating is enhanced by 7.9% at h ¼ 0 and 11.2% at h ¼ 90
. The slightly larger value at h ¼ 90 might be caused by the fact that the powered electrode sheath fully collapses twice within one low-frequency period and the PSR is excited twice in this case. However, the amount of additional heating is still moderate under the discharge conditions investigated here; for instance, Ziegler et al. found that the contribution of NERH to the total electron power dissipation can be as large or even larger than the contribution due to Ohmic heating under certain discharge conditions. 28, 60, 61 Furthermore, the result depicted in Figure 15 (d) shows that the temporal evolution of the electron heating strongly depends on the particular choice of the phase angle. However, these differences mostly compensate each other and the temporally averaged value of I 2 remains almost constant, independent of h.
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V. CONCLUSIONS
A geometrically and electrically asymmetric capacitively coupled dual frequency discharge was investigated experimentally, by 2D PIC/MCC simulations, and an analytical model. It was found that the DC self bias can be controlled over a wide range by tuning the phase angle, h, between the two applied frequencies. This control interval is shifted towards smaller values as a function of the geometrical asymmetry, while the difference between the minimum and maximum value remains constant and similar to the geometrically symmetric case investigated before. In general, the discharge tends to reduce the geometrically induced asymmetry. This behavior is understood using the analytical model, which takes into account the geometrical asymmetry. The underlying mechanisms were identified to be (i) a more collisional sheath at the smaller powered surface due to the larger sheath width and (ii) a higher ion current density at the powered side due to a constriction of the current paths.
In geometrically asymmetric discharges, the mean ion energy is found to be generally higher at the smaller (powered) surface due to the higher mean sheath voltage compared to the larger (grounded) surface. The mean sheath voltages are found to depend linearly on the DC self bias. Using the EAE, the mean ion energies can be controlled via the phase angle, since it allows to control the DC self bias. The ion energies can be made almost equal at both surfaces, i.e., the geometric discharge asymmetry can be compensated electrically, so that the DC self bias vanishes (h % 90
). This might provide the opportunity to improve the conditions for chamber wall cleaning processes, since the surface chemistry at the grounded side is enhanced by the energetic ion bombardment. By tuning h to 0 , the ion energy at the powered electrode can be enhanced. While changing the ion energy in this way, the total flux of ions remains almost constant. At the powered electrode, a weak tendency to smaller fluxes is detected as a function of the phase angle. This can be attributed to the decrease in the maximum sheath width of the bigger of the two sheaths, leading to less highly energetic electrons via electron sheath heating and, subsequently, reducing the plasma density at the smaller electrode.
Finally, the time resolved electron current was investigated. The self-excitation of PSR oscillations is detected at low pressures. This phenomenon only takes place in reasonably asymmetric discharges and leads to additional electron heating. However, the strength of the resonance mainly depends on the asymmetry of the discharge, which is found to remain constant as a function of the phase angle to a good approximation in the analytical model.
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